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ABSTRACT
The variation of the spot intensity ratio with 
the angle of ion beam incidence was investigated for 
43 KeV Ar+ bombardment of Au (001). Two axis of rotation, 
namely, the <100> axis and a random axis, which was 23° 
to the <100> axis, were considered. The results obtained 
were studied in terms of the transparency model proposed 
by Yurasova, Odintsov and others.
It was found that the transparency model cannot 
explain the results obtained.
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CHAPTER I
A REVIEW OF SPUTTERING
1.1 Ion-Surface Interaction
The interaction of radiation with matter leads 
to a number of different results as indicated in Fig. 1.1. 
Although the first record of investigation into ion-surface 
interaction dates back to 1852 (Grove, 1852), it is only 
in the past few decades that extensive research has been 
carried out in this field. In recent years, impetus to the 
study of sputtering, an aspect of ion-surface interaction, 
has been given by fusion reactor design considerations and 
lunar surface studies. Sputtering is the ejection of target 
atoms on bombardment by energetic particles. In the future 
fusion reactor, the primary containment vessel would be 
exposed to energetic radiation from the confined plasma 
and this would result in wall erosion by sputtering. In 
addition, the sputtered high Z particles would cause con­
tamination of the plasma (Behrisch, 1972). Research into 
sputtering is also valuable in interpreting the results of 
lunar surface studies. Low energy (1 KeV/a.m.u.) particles 
of the solar wind bombard the lunar surface, leading to effects 
such as sputtering and ion implantation (Maurrette and Price, 
1975). As analysis of the lunar surface soil is being 
carried out to obtain estimates of rock ages and the population 
of interstellar micrometeorites (Tombrello, 1977), the 
effects of sputtering need to be well understood.
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Fig. 1.1 Schematic Representation 
of Ion-Surface Interaction
2Another aspect of ion-surface interaction is 
the widespread practical applications of the ion beam.
The most important of these is ion implantation, which 
is of great importance to semiconductor technology 
(Schultz, 1974). Ion implantation is the introduction 
of foreign atoms into the surface layer of a solid substrate 
by bombardment with ions in the KeV to MeV range. This is 
an established technique in the production of field-effect 
transistors, integrated circuits, microwave devices and 
light detectors. Some of the advantages of ion implantation 
are the easy fabrication of steep doping profiles close to 
the surface, the ability to adjust the doping depth by varying 
the implantation energy and to deliver an accurate dosage.
The ion beam is also used in surface analysis techniques. In 
one method, the sputtered particles are accelerated and mass 
analysed. This process is termed secondary ion mass 
spectrometry (SIMS) and it provides useful information on 
the composition of the target surface (McCracken, 1975).
Other surface analysis techniques include Rutherford back- 
scattering, proton induced x-ray emission and ion 
neutralization spectroscopy.
Another practical application of the ion beam is 
the production of thin films by sputtering. The advantages 
of this method over evaporation are better adhesion, because 
of the higher energy of sputtered particles,and flexibility 
in the choice of target material.
3Thus, the sputtering aspect of ion surface 
interaction is of both theoretical and practical interest.
A detailed study of this phenomenon is therefore 
undoubtedly warranted.
1.2 Sputtering
The term sputtering was originally applied to 
the ejection of target atoms on bombardment of the target 
by energetic ions but now it also includes bombardment 
by energetic neutral particles. The first record of 
sputtering was by Grove (1852) who noted the erosion of 
cathodes in glow discharge tubes. Early sputtering studies 
did not yield reproducible results because of relatively 
high pressures (~0.1 Torr) in the systems. With the advent 
of advanced vacuum technology, studies have been more 
rewarding.
In recent years, two methods have been used to 
study sputtering: the mercury pool discharge system method 
and the ion beam method. Whichever method is used, the 
following conditions must be met to ensure reproducibility 
of results:
(i) the gas pressure must be low to ensure 
that the mean free path of the ions and sputtered 
atoms is large i.e. the pressure should be less 
than 10“3 Torr.
(ii) the ion current density must be high and 
the background pressure low to deter formation of
4surface layers i.e. j/p > 108 where j, the 
current density is in pA/cm2 and the background 
pressure in torr.
(iii) the angle of incidence should be well 
defined.
(iv) the energy spread of the beam must be 
small.
(v) appropriate ionization conditions should 
be maintained so that multiply-charged species 
are not created.
Each of these conditions will be dealt with later 
in the experimental chapter.
Sputtering studies are valuable as they provide 
information on the atomic collision processes that take place 
on ion bombardment. Most of the applications of sputtering 
described in section 1.1 involve polycrystalline or amorphous 
material, therefore, polycrystalline sputtering studies will 
be outlined in section 1.3. Single crystal studies are 
warranted as they give an insight into the processes taking 
place at a microscopic level in the polycrystalline material. 
Section 1.4 will discuss single crystal sputtering in some 
detail as it forms the subject of this project.
1.3 Polycrystalline sputtering
A detailed account of polycrystalline sputtering 
will be found in review articles by Carter and Colligon (1968), 
Behrisch et al. (1973), Mayer and Ziegler (1973), Andersen
(1974) and McCracken (1975).
5Amorphous substances have no ordered structure 
and therefore, neither channeling nor focusing plays an 
important part. Polycrystals, on the other hand, contain 
crystallites that are regular in structure but are oriented 
so that the net effect is that of a random target. In the 
following discussion polycrystals will be regarded as being 
identical to amorphous material.
1.3.1 Collision Cascade Theories of Sputtering
Early theories (Hippel, 1926, Townes, 1944) 
attributed sputtering to an evaporation mechanism. Later 
evidence has favoured a collision-cascade theory. The 
theories which have been successful in describing 
polycrystalline or amorphous sputtering are those proposed 
by Thomson (1968) and Sigmund (1969).
Thomson's model will be considered first. Let 
the density of primary atoms of energy E2 in an infinite
solid be q(E )dE per unit volume per unit second. Each2 2
primary atom generates a collision cascade of two-body 
collisions. Let the function v(E2,E1) give the number of 
atoms slowing down through the energy E1 resulting from 
a primary of E2. Then, the total density of atoms slowing 
down through E1 in one second is given by,
q(E ) V(E ,E1)dE
”  2 2 2
E 1
(1.1)
6The mean rate of energy loss from an atom of energy E 1
is d E 1 which can be written as V lf d E 1'
velocity of the atom and d E 1dx
dx where V 1 is the
is the energy loss per unit
path length. The time dt for an atom to slow down by d E 1 
is
dF 1dt = ---— ---- (1.2)
V 1d E 1/dx
Let p (E 1 , r 1) dE 1 dfü1 be a function giving the density of 
atoms with energy in the interval dE1 at E 1 and travelling 
in the solid angle element dft1 in a direction r 1. Then,
p (E 1 , r 1) dE 1 df21 h o 1q(E2 ) V (E2,E1)dE2.dt — (1.3)
This is related to $ 1 (E1fr 1), the flux crossing a surface 
whose normal makes an angle 0 to r 1, by
$ 1 (E1,r 1)dE1dft1 = vp(E1,r1) cos0 dfi]dEi ~ i 1 A 1 (1.4)
Therefore, the flux of atoms in d E 1 at E 1 crossing any 
internal surface in the solid into the solid angle d^1 
about r 1 is,
fc1 (E1 ,r 1 ) dE 1 dfÜ1
q(E?) v (E2 ,E1 ) dE2 cos0 dfi^E1 (1.5)
dE]/dx 4tt
* E
Now the sputtering event can be considered by cutting the 
infinite solid in half and observing the flux through the 
cut surface. This assumption would not be strictly accurate 
because of the binding forces at the surface. However, the
7assumption would be valid for energies greater than e ^ # 
the surface binding energy.
Equation (1.5) can be rewritten as,
(E1 ,r 1) dE1 df!1 q(E2) E2dE2 2°5l dfiid E i (1.6) 
4 TT
by expressing v(E2,E1) = n—  (c.f. radiation damage
E 1
dE 1 E 1problem) and --- ~ —  where D is the nearest neighbour
dx D
spacing. The last expression is reasonable as the atom 
loses most of its energy to near neighbours over a distance 
of the order D.
Transformation of the flux «^(E1) to the observed 
spectrum $-(E) outside the surface is achieved by considering 
the binding energy and comparing the situation to that of 
refraction of light. Thus, by invoking Newton's treatment 
of refraction in the corpuscular theory of light, Thomson 
arrives at the following expression,
$ (E, <j)) dftdE nD cosd)
4tt 1+Eb)
OO
E2q(E2)dE2dfidE (1.7)
where (J) is the angle made by the trajectory with the surface 
normal outside the surface. For a fixed (j) and energies 
in the range Eb << E << E 2, the following approximate relation 
is obtained (c.f. observed energy spectrum)
8$(E) a E"2 (1 .8)
Equation (1.7) also predicts a cosine dependence of 
the angular distribution at energy E.
By considering an inverse square potential of
the form,
V (r)
2 E r
e <Z,Z2> / 6
AO 2 
r (1.9)
where ER is the Rydberg energy Z ^  Z2 the atomic numbers 
of the ion and target atom, Ao the Bohr radius, Thomson 
obtains the following expression for the sputtering yield t s
■ff2Ao2n / 3 ER M ! (Z !Z 2 ) 5/6
Eb M i+M2
sec b (1.10)
This expression predicts the observed dependence on the 
angle of incidence It is noted that the expression is
independent of the incident ion energy Ej, which is 
approximately true. Thomson's model is found to agree 
approximately with experimental data.
The most successful sputtering model for random 
targets is the one put forward by Sigmund (1969,1972). In 
this model, the projectile scatters several times on target 
atoms creating a generation of primary recoil atoms. These 
scatter on other target atoms and a collision cascade is 
initiated which develops in time and spreads out in space. 
If this cascade intersects the target surface, target 
atoms receiving sufficient energy to overcome the binding
9forces are ejected. When all the atoms have slowed 
down to a few eV, then the cascade is considered to 
be completed. Sigmund approached the problem by 
applying Boltzmann's transport equation to random 
collision processes. For isotropic cascades, sputtering 
yields are obtained from the deposited energy distribution 
FD (X,E,n)/ which gives the energy deposited at depth x 
below the surface by a projectile of energy E and angle 
of incidence 0 (n = CosG) . Fp is determined from the 
transport equation
NS don [F(x,E,n)-F(x,E-T,n1)-F(x,T,n1M ] (1.11)
(Sigmund 1969, Weissmann and Sigmund 1973).
Se is the electronic stopping power and daR is the differen­
tial cross section for energy loss (T,dt) in an elastic 
collision. The number of low energy atoms set in motion 
with an energy (Eo,dEo) in a layer (x,dx) is found to be
—  F-^ * / E f.D.^■ dEodx for Eo<<E (1.12)
TT2 Eo2
Half of these atoms move upwards with an isotropic velocity 
distribution. The number of atoms having sufficient energy 
to overcome the binding forces is obtained by integrating 
equation (1.12) and taking into account the condition
Eo > > U o (n ).
10
This gives
1 F(X,E,n) Ax
where Ax is the effective depth of origin of sputtered
atoms and is given by lNCo
where N is the target atom
density and Co is a constant in the power cross section used 
Thus ,
S = -2- F(-x 'E 'n)- (1.13)
4 TT2 N Uo Co
This theory is applicable to both transmittion 
and backward sputtering for various energy ranges. In the 
case of backward sputtering the deposited energy distribution 
can be expressed as
M
F (0) = a( — ,n) Sn(E/Z1/Z2) (1.14)N i
where Sn is the nuclear stopping power and a is a function of 
the mass ratio and the angle of incidence. Where there is 
sufficient experimental data, agreement between Sigmund's 
theory and experiment is found to be good for the majority 
of cases, one exception being the case of light ions bombarding 
heavy targets.
11
1.3.2. Angular distribution of sputtered particles
Since Wehner's (1955) discovery of anisotropic 
ejection from single crystals, there have been comparatively 
few studies of angular distribution of sputtered particles 
from polycrystalline targets. Seelinger and Sommermeyer 
(1935) were the first to investigate the latter and their 
conclusion was that the distribution followed a cosine law 
(c.f. Thomson 1968). Later it was observed that there appears 
to be a tendency for 'over cosine' distribution at high 
bombarding energies and 'under cosine' at low ion energies 
(reported in Chapman and Kelly 1967). Formann et al. (1968) 
obtained a nearly cosine distribution for perpendicular incidence 
and for acute angle incidence, the distribution was peaked 
in the forward directions. Betz et al. (1970) bombarded 
12 different targets at an angle of incidence of 60°. Their 
results are shown in Fig. 1.2. It was observed that the 
distribution is more forward peaked the lower the sputtering 
yield. More recently, Rodelsperger et al. (1974) studied 
this problem by bombarding polycrystalline copper with high 
energy argon ions. The analysis of their results was carried 
out by placing a microphotometer inside the hemi-cylindrical 
collector. They noted variations of angular distribution 
with ion energy and the angle of incidence (Fig. 1.3) and 
obtained the following relation for the angle of maximum 
emission
7T 0$max = , where 0 is the angle of incidence.
However, further studies appear to be necessary to be able to
L Xe 40 teV 
V Ar <0 1;qV
• Xe 10 luzV 
Q Ar .10 keV
• Ar 40keV
ANGLE OF PREFERRED EMISSION
Fig. 1.2 Correlation between angle of preferred 
emission and sputtering yield for 12 targets 
bombarded by noble gas ions incident at 60° to 
the surface normal.
(From Betz et al. 1970)
7Fig. 1.3 Angular distribution of copper atoms 
sputtered by 500 KeV Ar+ ions with increasing 
ion dose at angles of incidence of 40°, 60°, 70°.
(From Rodelsperger et al. 1974)
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predict the angular distribution accurately.
1.3.3. Energy Spectra of sputtered particles
Thomson's calculations, discussed in section 1.3.1. 
indicate that the energy distribution of sputtered particles 
is proportional to E-2. A similar result is obtained by 
Robinson (1965) and Sigmund (1969). However, this relation­
ship is only approximate, the approximation being best for 
heavy targets. Thomson's model takes into account the 
surface binding force, which is assumed to be normal to 
the surface. This force has the effect of bending the atoms 
trajectory away from the surface normal and the phenomenon 
is most pronounced at lower energies. For energies much 
less than E^, the binding energy, Thomson obtains the 
following energy distribution,
0(E) - E Coscf)
It can be seen that this goes to zero as E tends to zero. 
Thus, the spectrum can be expected to rise from zero 
linearly until a maximum is reached, then fall off as E-2. 
The position of this maximum was obtained by Thomson as
fb
2 '
Energy spectra of sputtered particles are rather 
difficult to obtain. Early efforts were directed towards 
measuring average energy and average momentum (reported 
in Andersen 1974 p.17). Some researchers (Jurela and 
Perovic 1968, MacDonald, Dennis and Zwangobani 1970, Dennis 
and MacDonald 1972) have obtained the energy spectra of
E (eV) .
Fig. 1.4 Energy 
of detecting an Au 
compared with a E
spectra, i.e. probability 
atom with energy dE at E,
2 dependence.
p(E)
43 KeV A + Au<100>
41 KeV A+ -* Au< 110>
41 KeV A+ -*• Au (polycrystalline) 
45 KeV Xe+ Au (polycrystalline)
(From Thomson 1968)
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positively charged target ions. However, it would be 
difficult to interpret these in connection with sputtering.
Thomson's well known time of flight technique 
(Thomson, Farmery, Newson 1968, Thomson 1968) offers a 
sophisticated method of measuring the energy spectra of 
neutral particles. His results are shown and compared with 
the E-2 dependence in Fig. 1.4, as predicted there is a 
peak about leV and then the distribution falls off as E~2. 
These results are in reasonable agreement with the theory.
1.3.4. Variation of yield with angle of incidence
yield formula (equation 1.10) furnishes the following 
relationship between yield and angle of incidence
It will be recalled that Thomson's sputtering
S a sec iji
Sigmund's expression for not-too-oblique angles
is
-f 5= (cosG) where f ~ for
M
and f = 1 only for ~  = 7. Fig. 1.5 compares Sigmund's 
theory with experimental results and the cos0_1 dependence
for argon ions incident on polycrystalline copper. Agreement 
with Sigmund's theory is seen to be good.
9 (deg) '
Fig. 1.5 Variation of sputtering yield with angle 
of incidence for Ar+ ions incident on polycrystalline 
copper.
■I —  Sigmund 1969 (Theory)
-------  (cos0)_1
------  Molchanov and Tel'kovskii (1961)
------ Rol et al. (1960)
O Cheney and Pitkin (1965)
A Dupp and Sharmann (1966)
0  Colombie (1964)
(From McCracken, 1975)
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At low energies, the binding energy plays
an important part and the yield variations with angle of
V 2incidence will depend on UoE (Sigmund 1974) and this
was confirmed by the results of Oeschner (1973).
1.3.5. Variation of yield with Projectile atomic number 
Sigmund's yield formula (equations 1.13 and 1.14) 
relates sputtering yield to incident ion atomic number through 
aSn. Both a and Sn are known to vary smoothly with Z:. 
Experiments of Almen and Bruce (1961) (Fig. 1.6) however, show 
that the yield fluctuates with Zj. This apparent disageement 
was investigated by Andersen and Bay (1972, 1973, 1975) who 
carried out a very careful series of experiments with silicon, 
copper, silver and gold targets. In these experiments they 
tried to eliminate dose effects by evaporating target materials 
on to the surface of very sensitive microbalances and 
performing relative measurements only. They found that the 
yield varied considerably with dose in the case of a number 
of incident ions. It was also shown that in most cases the 
binding energy varied with dose and this contributed to the 
variations of the sputtering yield. The results of Andersen 
and Bay are shown Fig. 1.7 and Fig. 1.8. Agreement with 
Sigmund's theory is excellent in the case of silicon and not- 
too-good in the case of gold. It is concluded by considering 
the above results and those obtained with silver and copper 
targets, that agreement between theory and experiment is good 
for light targets but progressively worsens for heavier 
targets.
■  t  c  0  *«• ^  V* V A C« f» (,» f #  N* J "  0 *  S #  »' V  J» r « C4 i '  ’ • I *  6« C • *d } -  Of
Fig. 1.6 h a rg e -d o s e  s p u t te r in g  y ie ld s  o f c o p p e r ,  s i l v e r ,  
ana ta n ta lu m  f o r  4 5 -k e V  io n s  (A lm d n  and B ru c e  1961 ) 
to g e th e r  w ith  the th e o r e t ic a l p r e d ic t io n  o f S ig m u n d (1969 ) 
f o r  c o p p e r ( f ro m  A n d e rs e n  and B a y  1972 ).
SILICON
• ANDERSEN AND BAY 
—  SIGMUND (THEORY)
Fig. 1.7 T h e  s p u t te r in g  y ie ld  o f s i l ic o n  f o r  15 d i f f e r ­
e n t 4 5 -k e V  io n s  n o rm a liz e d  to  the  y ie ld  f o r  4 5 -k e V  
A r * .  T h e  c u rv e  is  th e  th e o r e t ic a l r e s u l t  o f S ig m u n d  
(1 9 6 9 ) ( f ro m  A n d e rs e n  and B a y  1 9 7 3 ).
A u -TARGET
• ANDERSEN AND BAY 
o ALMEN AND BRUCE 
a NENADOVIC ET AL. 
----- SIGMUND, THEORY
Fig. 1,8 T he  s p u t te r in g  y ie ld  o f g o ld  f o r  18 d i f f e r ­
e n t 4 5 -k e V  ions' n o rm a liz e d  to  the  y ie ld  f o r  4 5 -k e V  
A r 4' .  R e la t iv e  y ie ld s  c a lc u la te d  f ro m  th e  d a ta  o f A l-  
mdn and B ru c e  (1961a) and N e n a d o v id  e t a l .  (1972 ) 
a re  a ls o  sh o w n  to g e th e r  w ith  the  th e o r e t ic a l p r e ­
d ic t io n  o f S igm und  (1 9 6 9 ). (F ro m  A n d e rs e n  and B a y  
1975b).
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1.3.6. Variation of yield with ion energy
In this case, as in the preceding one, agreement 
between Sigmund's theory and experiment is best for 
lighter elements, the heavier the target and/or projectile, 
the poorer the agreement ( Fig. 1.9, Fig. 1.10, Fig. 1.11).
It must be pointed out that Thomson's prediction that yield 
is independent of ion energy is not valid.
1.3.7. The nuclear stopping power
This is an important factor in yield calculations 
in Sigmund's theory. The Sn used are the Thomas-Fermi nuclear 
stopping powers of Lindhard et al. (1963). Andersen (1974) 
states in his review that in view of its importance in 
sputtering not enough is known about Sn. There is only 
limited information on the variation of Sn with energy and 
Zj, especially in the case of heavier targets.
1.3.8. Sputtering of two-component systems
For a homogeneous two component system, the flux 
ratio from the collision cascade theory is found to be 
(Andersen and Sigmund 1974 a, b),
VoG (E, Eo) a S (Eo)---1 — L _JU----  n 15)VoG2 (E,Eo ) a2 S 12(Eo )  ^ ;
where S2 x is the partial nuclear stopping power of 2- atoms 
moving in a 1- target and vice versa. Experimental verification 
of (1.15) has been complicated by two factors - different 
binding energies of the two components and the fact that in
S 1.0
o SOUTHERN ET AL. [<111>CRYSTALS] 
- ANDERSEN & BAY 
° EERNISSE
100 200
E(keV)
F ig  1 .9  T he  e n e rg y  depende nce  o f a r g o n -s p u t te r in g  
y ie ld  o f s i l ic o n .  E x p e r im e n ta l d a ta  o f S o u th e rn  e t a l .
E e r N is s e  (1971)(1 9 6 3 ), A n d e rs e n  and  B a y  (1 9 7 4 b ), 
(fro m  A n d e r s e n  an d  B a y  1 9 7 5 a ) .
and
Pb — Si
SIGMUND, THEORY
500
E (keV)
F ig  1.10 T h e  e n e rg y  dependence  o f le a d - s p u t te r in g  
y ie ld  o f s i l ic o n .  T h e  c u rv e  is  th e  th e o r e t ic a l r e s u l t  
( E q . (7)) ( f ro m  A n d e rs e n  and B a y l9  75a )«
D WEHNER e« Ol.
O GUSEVA 
O ALMEN et Ol. 
A DUPP «1 al.
E (keV)
a WEHNER el ol.
O GUSEVA
O ALMEN el ol.
A DUPP el ol.
■ KEYWELL
E UeV)
F ig  1.11 E n e rg y  dep ende nce  o f k r y p to n -  and x e n o n - s p u t te r ­
in g  y ie ld  o f c o p p e r .  E x p e r im e n ta l r e s u lts  o f A lm 6n  and B ru c e  
(1 9 6 1 a ), D upp  and S c h a rm a n n  (1 9 6 6 ), G u se va  (1 9 5 9 ), W e h n e r 
e t a l .  (see  B e h r is c h  1 9 6 4 ), and K e y w e ll (1 9 5 5 ) ( f ro m  S igm und  
1 9 6 9 ).
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most cases the yield is non-stoicheometric, rending the 
target inhomogeneous after a short irradiation.
In conclusion to this section, it could be said 
that the basic processes of polycrystalline sputtering appear 
to be understood and Sigmund's theory seems to be able to 
predict the observed phenomena in a number of cases.
1.4 Single Crystal Sputtering
Wehner's discovery in 1955 of anisotropic sputtering 
of single crystals has led to a great deal of interest in 
the field. Review articles by Carter and Colligon (1968) , 
MacDonald (1970), Sigmund (1972) and McCracken (1975) give 
a comprehensive account of the work done.
Single crystal sputtering studies can be broadly 
divided into two categories: high energy effects and low
energy effects. At high energies (>lKeV), the ions and recoil 
atoms incident in a low index direction are steered through 
the open channels by a series of glancing collisions with 
the atoms of the channel walls. This process known as 
channeling is shown schematically in Fig. 1.12. In single 
crystal sputtering, channeling manifests itself as a variation 
in the sputtering yield with the angle of incidence. This 
aspect of sputtering will be discussed in section 1.4.1 together 
with the models for yield calculation.
When the energies in the collision cascade have 
fallen below IkeV, the channeling process becomes impossible 
due to an increase in the collision radius, which forbids 
the passage of atoms through the lattice planes. Collisions 
between atoms then take place eventually leading to the
Fig. 1.12
•2 8
, Angle of incidence (deg)
Fig. 1.13 Variation 
incidence for a (100) 
about a <010> surface 
during bombardment by
(From Fluit
of yield with angle of 
surface of Cu rotated 
in the crystal surface 
20 KeV Ar+ and Ne+ ions
et al. 1961)
17
ejection of atoms from the target surface. There are 
two main theories to explain the mechanism of ejection.
Section 1.4.2. will be devoted to these theories and the 
experimental evidence in support of them.
A third aspect of sputtering, the variation of spot 
intensities and intensity ratios with the angle of incidence 
was pioneered by Yurasova and co-workers and will be 
discussed in section 1.4.3. A separate section was assigned 
to this as it is particularly relevant to the project 
undertaken.
Discussion throughout will mainly concentrate on 
f.c.c. crystals.
1.4.1. Variation of sputtering yield with ion beam incidence
The variation of yield with the angle of incidence 
in the case of a single crystal is markedly different to that 
of polycrystalline material, as has been demonstrated by 
Rol et al. (1959) Onderdelinden (1966) and recently by 
Elich et al. (1972) and Zwangobani and MacDonald (1973).
The yield varies non-monotonically, being least for angles 
of incidence coinciding with the low index direction 
(Fig. 1.13).
Two main theories have been advanced to account 
for these variations in yield and these will be discussed 
in chronological order.
Odintsov (1963) was the first to propose a model 
for yield calculations for single crystals. This model was 
later modified by Martynenko (1964). Odintsov assumed as did 
Rol et al. (1960) for polycrystals, that the sputtering yield
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S is proportional to the energy imparted to the target atoms 
in the first collision. A hard sphere model was considered 
because the low energy collisions between heavy particles can 
be approximated by collisions between elastic spheres. His 
other assumptions were:
(1) S depends on the position of the hit atom
(2) S depends on the angle of incidence (j). As 
(p increases, the hit atoms are likely to acquire 
an appreciable velocity relative to the surface 
normal.
He further defined the probability of collision as 
the ratio of the exposed areas of the colliding spheres to 
the area of the crystal surface that is being bombarded. 
Incorporating all these assumptions into a single equation, 
the sputtering yield is expressed as
i S .j (0) _
s = Äasie Ei(0) (1-16)
where a^ (cj)) is the proportionality constant corresponding 
to the ith plane, S^(0) is the exposed area of the colliding 
spheres, AoCos0 is the area bombarded, E^(0) is the average 
energy transferred to the atoms in the ith plane and 
(}> and 0 are the angle of incidence and the angle between 
the normal to the area bombarded and the direction of the 
incoming beam, respectively. The constant of proportionality 
was assumed to be related to (f) by 'c~~s  ^> which appears
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reasonable if one considers the polycrystalline case.
In the case of an atom in the ith plane which 
is partly hidden by an atom above, the mean energy transferred 
to it is given by,
Eisi = Emax TT 6  2~ir
6 R 
2 (R2-6 2)arcsin 
(1.17)
where is the projection of the distance between centres of 
atoms (the shadowed and the shadowing) on a plane perpendicular 
to the direction of the incoming beam. R is the radius of 
the colliding spheres.
For planes parallel to the surface,0 becomes equal 
to 4>, and further, if the crystal is rotated so that the planes 
do not overlap, then the sputtering yield is expressed as, 
(Odintsov 1963).
S 1
AoCos2 <J>
[a ttR2 -^a- + a S E + a S E ]2 2 3 , 4 3 3  5 f 6 5 5 (1.18)
where a. = a l + a2 etc.
Molchanov et al. (1961) conducted an experiment 
which fulfilled the above conditions and their results are 
compared with Odintsov's theory in Fig. 1.14. In order to 
calculate S from Equation (1.18), Odintsov assumed R = 3r 
(where rD is the radius of the colliding sphere from Bohr's for-
ID
mula) and ai = 0 for i > 7. As can be seen, the qualitative
S, atoms/ion 
30----------
Fig. 1.14 Dependence of the sputtering coefficient 
of copper for argon ions (27 KeV) on the angle of 
incidence of ions.
------  Theoretical curve
------ Experimental curve (Molchanov, Tel'kovskii,
Chicherov 1961).
(From Odintsov 1963)
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agreement between theory and experiment is good. Odintsov 
concludes from this that only the first few atomic planes 
play an important role in sputtering.
Martynenko (1964) modified Odintsov's model by 
excluding empirical coefficients and also included focused 
collision sequences. His calculations are outlined briefly 
below. The interaction potential of ions with target atoms 
was assumed to be of the form
V ( r) = —
r2
3.05Z j Z2 10"16
where A = -------------------  ev.cm2
(Z j V2 + Z V 2  ) 2/3
(1.19)
Using this potential, Martynenko obtained the function 
F(Si,ri) which determines the probability of collision 
between the ion and an atom in the i-th layer,
ri2p2 (AE)
-------------  , Si < ri - p(AE)
(ri2 - Si2)2
F (Si,ri) . jL + Si - ri ‘ 2 4p(AE)
l _ ri2p 2 (AE) 
(ri2-6i2)2
ri - p( E) <Si<ri+p (AE)
, Si>ri+p(AE)
(1.20)
where p( E) = .88R, R being the minimum distance of approach 
of the ion to the atom in a head on collision, Si is as
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defined by Odintsov, and ri is the radius of the shadow 
produced by the screening atom in the i-th layer.
The sputtering yield is calculated by Martynenko as
S EoCOS)J) C O S 0 ai F (6i,ri) (1 .21)
In this equation, \fj is the angle of incidence of 
the ion, 0 is the angle between the incoming ion and the 
inner normal to the crystallographic plane being considered. 
Eo represents the average energy transferred to the upper 
unshadowed layer when the beam is normal to it and is given 
by
Eo = .78 --- , (Po being the minimum impact
Po2
parameter). ai gives the number of focusons produced in the 
i-th layer by the ion and was obtained as
ai I 2 5 x DEf (2
Em
Ef <2 + *n i> )
where Em = Ebd + Ef ^--- —L cosx
The various symbols in the equations are:
(i) 'a' is the constant in the interaction
potential between atoms in focused collisions 
- r/a(Ua e /a) .
(ii) D is the distance betwen atoms in the [110]
direction.
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(iii) Ef is the maximum energy at which focusing 
is possible.
(iv) Ebd is the binding energy.
(v) x is the angle between the surface normal 
and the given [110] direction.
(vi) L is the maximum distance that can lead to 
a focuson.
The summation is over all [110] directions emerging 
from the crystal surface.
Good agreement is obtained between Martynenko's 
theory and experimental results of Molchanov et al. (1962) 
and Mashkova et al. (1963) [Fig. 1.15].
Transparency theories of Fluit et al. (1963),
Odintsov (1963) and Martynenko (1964) consider only the first 
collison of the ion with the target. Onderdelinden (1966, 1968) 
has put forward a theory of sputtering which incorporates 
Lindhard's channeling theory (Lindhard 1965). Lindhard's 
theory regards a closepacked row of atoms as a string whose 
transverse potential is given by (Onderdelinden 1968).
3Z Z e2 a2
U (R) = --------- , R >>a (1.22)
4 re dR2 o
where a = aQ x 0.8853 (Zj + Z2 ) 7 (aQ ~ Bohr radius)
R - distance to the string centre, 
d - distance between atoms in the string.
Fig. 1.15a Sputtering as a function of ion beamfErlLS““'
Theoretical curve
Experimental points from Molchanov 
and Tel'kovskii (1962).
(From Martynenko 1964)
Fig. 1.15b Sputtering as a function of ion beam 
incidence for bombardment of the (110) surface 
of copper by 30 KeV argon ions. Rotation is about 
the [100] direction.
------- Theoretical curve
0 Experimental points from (Mashkova, 
Molchanov and Odintsov 1963).
(From Martynenko 1964)
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When a beam of incident ions is aligned within a critical 
angle Ci>2 (1<C<2) to the string direction, then the beam 
is divided in two - a random beam which behaves as if it were 
in a random lattice and a channeled beam, which is steered 
through the crystal and which experiences unusually low 
energy losses. The critical angle ip 2 is given by
\Jj2
3ZiZ 9 e 2 a2 V-
(1.23)
4 TT e Ed 3o
Furthermore, Onderdelinden assumes that only those incident 
particles that collide with the top layers and enter into the
i
random beam contribute to sputtering. The following basic 
assumptions are made in the calculation of the sputtering 
yield:
(i) the channeled beam does not contribute 
to sputtering.
(ii) sputtering as a result of the random 
beam is equivalent to sputtering caused by an 
identical beam incident on a polycrystalline target. 
Thus, it is necessary to obtain that fraction of the
beam which becomes random. This is found to be,
Pnc = TTPmin2 (i|i) 
TT P 2II
(1.24)
where Pmin is the minimum distance an ion can have to enter 
the channeled beam and ttP o 2 = (Nd)“ 1, N being the number 
density. In the case of an incoming ion which makes an 
angle ip with the string direction, Pnc is expressed as
Pnc (1.25)
-  24 -
Po2 Po2 ip2
Pmin2 (0)
-L .. —
Pmin2 (0) C 2 ip2 z
<^Ci[i2
where Pm^n (Ci|;2) = Po and Pmin(O) = ip2d.
The sputtering yield is dependent on this fraction 
and also on the energy the beam imparts to the surface layer 
xQ when incident normally on it. This energy is given by
b i 2 (E ,x„) — E
where B  l 2 =  tt
- V s V* -2/3 V 7]
1-exp[-(NB12xqE )xNB22C 12 xqE )
V 2
(1.26)
4M 2Z j Z 2 e a
and B 22
is defined similarly,
4M! M 2
1 2
( M j+ M 2 )
Shk£(E/(J))
Onderdelinden, then
r \
E , xQ
ahk£ u 12 COS(J) + PncF 1 2
E , xo
COS(J) (1.27)
where a ^ £  Is the proportionality constant and G 12 is the 
energy lost in the first collision. In an experiment, 
Onderdelinden (1966) bombarded a copper (100) face with 
20kev Ar+ ions while rotating it around a [110] direction 
in the surface. The graph below (Fig. 1.16) compares his 
results with theoretical values obtained by him. Elich et al.
oms
Fig. 1.16 The sputtering ratio of 20 KeV Ar 
ions on a (100) Cu crystal for rotation around 
a [Oil] axis on the surface.
-----  Theory
O Onderdelinden et al. experimental. 
(From Onderdelinden 1966)
nm urn
Fig. 1.17 The sputtering ratio as a function 
of the angle of incidence for 20 KeV Ne+ ions 
on a (111) Cu crystal turned around a [Oil] 
axis.
(From Elich et al. 1972)
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(1972) obtained similar results (see Fig. 1.17).
It was noted by Francken and Onderdelinden (1970) 
that when rotation was close to Cip2 the yield was over 
estimated and that the shape of the minimum curve of S was 
independent of the rotation axis used. The reasons for this 
were given as follows:
(i) the evaluation of S did not take into 
account the effects of the neighbouring strings.
(ii) the free surface per string (Nd) 1 was 
assumed to be circular.
(iii) planar channeling was not considered.
Onderdelinden's theory was modified to take these
effects into account. Fig. 1.18a shows 0, P, Q which represent 
three planes perpendicular to the plane of the paper. Each 
plane is made up of strings of atoms denoted by i, i-1, i-2, 
etc. Let an ion beam of energy E be incident at angle ip to 
the string i. From the energy equation, the minimum impact 
parameter is obtained as
\p2d
Pmin (i|>,<J>) = , 2 1/2 (1.28)
[ 1- (-p-) cos2 <f>]
This describes an ellipse around the string with 
major and minor axis given by
Pmin (o)
a [ 1- (-ß— )2 ] 1 /2 (1.29a)^2
b = Pmin (o) = , (1.29b)
where d is the string parameter. Using these values a mod­
ified expression is obtained for Pnc (Francken and
'Kr
Fig. 1.18a (100) Transverse plane showing
arrangement of atomic rows in a f.c.c. lattice.
(From Francken and Onderdelinden 1970)
Fig. 1.18b Representation of the transverse 
motion of an ion and ellipse of critical 
impact parameters.
(From Francken and Onderdelinden 1970)
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Onderdelinden (1970).
However, as Elich et al. (1972) point out, 
disagreement still exists between observed yields and 
calculated yields for values of ip close to ip2 .
1.4.2. Angular Distribution of Sputtered Particles
In a single crystal, interaction between incident 
ions and target atom is strongly influenced by the periodic 
nature of the lattice. This results in the anisotropic 
ejection of sputtered atoms as first observed by Wehner (1955) 
and many others since. Atoms are seen to be ejected 
preferentially along close-packed directions in the crystal and 
give rise to spot patterns on the collector. The study 
of the observed distribution of sputtered particles could 
contribute significantly to the understanding of collision 
processes and could help formulate a complete sputtering 
theory.
Two main theories have been put forward to explain 
preferential ejections - the Silsbee focuson theory and 
Lehmann-Sigmund model.
The Silsbee theory postulates that preferential 
ejection is due to focused collision sequences in which 
momentum is transferred down a close-packed row of atoms.
The model assumed for this analysis is that of a series of 
two body collisions of hard spheres. The simplest type of 
focusing collision sequence propagates along the closest 
packed row of atoms, for example, the <110> direction in a 
fee crystal. As spot patterns were also observed in 
directions where the simple focusing mechanism was not
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operable, Nelson and Thomson (1961) developed the concept 
of assisted focusing. Only the simple focusing mechanism 
will be discussed here. For an account of assisted focusing, 
the reader is referred to the above mentioned article as 
well as the following: Leibfried and Dederichs (1962),
Nelson (1968) and Thomson (1969).
The diagram (Fig. 1.19) shows a simple collision 
between two atoms of radius R and initial separation D. It 
can be seen that
(D-2R)0 j = -2R0 2
If the focusing parameter f is defined by
0 2
7T- = -f (1.30)0 1
then,
f =  i s  - 1 ( 1 - 3 1 >
If D > 4R, f > 1 and 1611 <
If D < 4 R, f < 1 and 16 11 >
t hConsider the row of atoms in Fig. 1.20. At the n 
the relation governing the successive angles is
row,
f“-R — ------ D
Fig. 1.19 Simple focusing process.
oK-x on oB+1
Fig. 1.20 A focusing collision sequence.
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e = (-f)e .n n-1
(-f)2en-2
(-f) 3en-3
= <-f)n eo
If f > 1, then 0^ diverges. The atoms will eventually fail
to collide with one another and momentum will be defocussed.
On the other hand if f < 1. 0 becomes smaller until then
collisions become head-on. In this case, momentum transfer 
occurs with 100% efficiency. Such events are known as 
focused collision sequences.
In a hardsphere model, the radius R of the spheres 
is related to the energy by
V(2R) = -|e (1.32)
By considering a Bonn-Mayer potential given by
V(r) = Aexp(-— ) . i (1.33)a
we get the expression for the radius as
1 i / 2A.2a ln(-F>R (1.34)
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As we noted earlier, focusing cannot occur if D > 4R or 
R < .^ This condition enables us to evaluate the 
focusing energy above which focusing cannot occur,
Ef = 2Aexp (“A) (1.35)
So far, simple focusing has been discussed in 
terms of the hard sphere model. This model may present 
us with a clear picture of momentum focusing but not a 
very realistic one. For example, the hard sphere model 
predicts a greater scattering angle than that obtained from 
a realistic collision. This means that the focusing 
parameter f will equal unity at a lower energy in the 
realistic case. The hard sphere model thus overestimates the 
focusing. On the other hand, D will be smaller in the 
realistic case because atoms ahead of the energy packet start 
moving before its arrival. The two effects tend to oppose 
each other. Leibfried and Lehmann (1961) have considered 
this collision problem using realistic potentials: Using a
Born-Mayer potential with constants evaluated by Gibson 
et al. (1960), they found that E^110 for copper was 36 ev 
compared to 67 ev obtained from the hard sphere model. For 
Gold, F^110 as given by the hard sphere model is 300 ev 
and the Leibfried-Lehmann calculation yields 170 ev. (see 
Thomson (1969) P.199).
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At this stage, a digression to discuss the 
interatomic potential is perhaps warranted. Its importance 
has been demonstrated in the above case and it certainly is 
one of the most fundamental aspects of atomic collision 
theory. This potential has never been determined precisely 
but approximations are used depending on the separation of
atoms:
(i) When r is much less than a , the Bohro
radius, then V(r) can be simply expressed as the 
coulomb potential.
V (r) Z!Z2e'2= (1.36)r
(ii) At slightly greater distances the screening
effect of the orbital electrons affects the 
interaction. The screened coulomb potential was 
given by Bohr (1948) as
V (r)
Z Z
= e'exp ( ) (1.37)
r aB
where the Bohr screening radius
aB
ca
--------- , c ~ constant of order unity.
(Z Z ) V 6 1 2
(iii) When a < r < D, where D is the o
interatomic spacing, the potential is found to 
be roughly of the form
iA—A
\ x
Fig. 1.21 Repulsive potential between a pair 
of argon atoms.
(From Thomson 1969)
31
-r
V (r) = A a (1.38)e
This function was first used by Born and Mayer (1932) and 
hence is known as the Born-Mayer potential.
Calculations of V(r) were made by Abrahamson 
(1963, 1964) for inert gas atom pairs. He used the Thomas- 
Fermi-Dirac statistics to evaluate V(r). Fig. 1.21 shows 
V(r) vs r. It can be seen that Abrahamson's potential 
behaves like the screened coulomb potential for r < ao/2 , 
and like the Born-Mayer potential for r > a . Experimental 
curves were provided by Berry (1955), Amdur and Mason (1954) 
and Amdur and Bertrand (1962).
The only metal atoms investigated were those of 
copper, silver and gold. Brinkman (1962) has suggested the 
following formulae for the Born-Mayer constants for these 
metals,
- 5A = 2.58 x 10 (Z Z ) ev1 2
1.5aoa = ------ 1--
(ZjZ2) /6
The appropriate potential for a particular interaction is 
chosen by substituting the available kinetic energy for 
V(r) and thereby obtaining the smallest possible separation. 
Thus, for a kinetic energy of 0.1 to 1 Kev, the Born-Mayer 
potential alone can be used for Au-Au interactions.
TABLE I
A (eV) oa (A)
Brinkman (1962) 
Thomson (1968) 
Abrahamson (1969)
6.7 x 105 
2 x 105 
5.9473 x 105
0.18
0.20
1
3.49989
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Table 1 gives values of A and a for Au-Au interactions.
Returning to the focused collision theory, it 
was noted that the effect of temperature on angular 
distribution would provide a means of testing this theory 
(Nelson, Thomson, Montgomery (1962) Sanders and Fluit (1964), 
Kurkin and Odintsov (1965)). Thermal vibrations would 
influence the focused collision sequence so that there is 
a decrease in the preferential ejection yield and a broadening 
of spot widths. This broadening has been reported for copper 
by Yurasova and Bukhanov (1962) and for gold by Nelson,
Thomson and Montgomery (1962) . Although the latter observed 
a broadening their experimental results did not agree with 
the theory they proposed for the effect of temperature 
on spot widths. This problem was taken up by Chapman and 
Kelly (1967) , who attribute the disagreement to inadequate 
analysis of the results. They consider the ejection pattern to 
be made up of an isotropic background contribution on which 
is superimposed the anisotropic ejection. The former is 
supposed to be a result of ejection of atoms not in their 
normal lattice positions and of evaporation from thermal 
spikes. The preferential ejection is described by a Gaussian 
function whereas a cosine distribution is assumed for the 
background contribution (cf.polycrystalline sputtering).
Thus the total contribution at an angle 0 to the preferential 
ejection direction can be written as
K 0 ) Ib (0) + Is (0) (1.39)
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where I (6) = I cos6 (1.40a)
Is (e) = IQS exp ( - 7-) (1.40b)
Equation 1.40a and 1.40b give the background and preferential
b sejection contributions respectively, I and I are constants 
giving the relative importance of each type of ejection 
and \\2 is a constant which is a measure of deviation from 
the focusing axis. The actual spot intensity can now be 
obtained by subtracting the cosine background from the total 
intensity.
Nelson (1965) has found that for a copper single 
crystal, the background increases with temperature in the 
same way as for polycrystalline copper. If this reasoning 
were applied to gold, the variation of I with temperature could 
be obtained. From this, the preferential ejection component 
can be obtained if the total intensity is known for a given 
temperature. Chapman and Kelly have found that Nelson, Thomson 
and Montgomery's results agree well with their theory if analysed 
in the manner described above. Fig. 1.22 indicates this and 
also shows that the results of Chapman and Kelly are in 
agreement with the theory. Thus, the thermal focuson theory 
of Nelson, Thomson and Montgomery appears to be valid.
Thomson (1968) advanced a collision cascade model 
for random targets (see section 1.3.1) and obtained the 
energy spectra of sputtered particles. He extended this
Fig. 1.22 Temperature dependence of the 
mean squared angular deviation of ejected 
atoms from the <110> axis (for Au) :
(i) experimental results obtained 
by Nelson, Thomson and 
Montgomery.
(ii) prediction of the thermal 
scattering theory due to 
Nelson, Thomson and Montgomery.
The points show experimental results obtained 
after correcting for background sputtering.
& Results of Nelson, Thomson, Montgomery 
Q Results of Chapman and Kelly (1967).
(From Chapman and Kelly 1967)
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model to include focused collision sequences. He derived 
the following expression for the energy spectra of particles 
resulting from simple sequences, (Thomson 1969)
$ (E) dE bcosO [ E f 13 / 2
3DaE *
i f E+Eb
X
E+Eb
+ 23
E+Eb 3A  2|
3
Ef - .
AE j
E 2q(E2)dE2 (1.41)
This is converted to a time-of-flight spectrum through the 
relation
$ (E) dE = 4>(t)dt
Thomson's famous time-of-flight technique (1968, 1968a) 
yielded the results for gold indicated in Fig. 1.23.
In all three cases i.e. 1.23a, b and c, the solid curve 
represents experimental results. In Fig. 1.23a of the <121> 
spectrum, broken curve 1 is the theoretical curve obtained 
using the collision cascade model for a random target. 
Subtraction of this from the experimental curve yields curve 
4. This shows a high energy peak, which is attributed to 
channeling. Fig. 1.23b shows a <110> spectrum, which is of 
particular interest as simple focusing is possible in the 
[110] directions. Here, broken curve 1 is the theoretical 
curve obtained from the random cascade model and curve 2 is the
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theoretical contribution from focusons. Curve 5 is the 
sum of curves 1 and 2 and it can be seen that curve 5 
is very similar to the experimental curve. Thus, it 
could be concluded that the total yield is made up of a 
random component and a contribution from focused collision 
sequences. Curve 2 was calculated using E^110 = 170 ev.
Fig. 1.23(c) shows the <100> spectrum of gold which was 
analysed similar to the <110> case, that is, in terms of 
the random cascade model and assisted focusing. We conclude 
from the above discussion that Thomson's model appears to be 
successful in describing the observed energy spectra of 
sputtered particles from single crystals and therefore 
lends support to Silsbee's focuson theory of ejection.
Farmery and Thomson (1968) performed a similar experiment 
on copper targets and obtained (50 ± 10)ev as the focusing 
energy. Similar results [ (55 ± 2)ev]were obtained by Dennis 
and MacDonald (1972) , who analysed the energy spectra of 
sputtered ions from copper single crystal. This further 
strengthens the existence of the focusing mechanism.
The most recent experimental evidence in support 
of the focuson model comes from Kuvakin et al. (1975). They 
bombarded a copper single crystal, cut at various angles ß 
to the 001 plane, with a beam of 20 keV neon ions. The first 
set of results was obtained by varying 3 but maintaining 
the beam in the [001] direction. To get the next set of
E (cV)
5J 0-002
---
t (//sec)
bombardment with 42 K e V ^  ^  AU
iJ?.^  ^ e<fta°n m  a <121> direction, experimental
predirted1bvCarVe) i^COmPared Wlth the sPect^um ^h\d d^by rand°m cascade model.
fTI, J 3eCl,10n in 3 <110> direction (solid curve) fitted with a random (1) pius a focused (2? 
contribution with Ef 110 = 170eV.
Ifl. Pjec^ on ln a <100> direction (solid curve)
m  c l r  k fand°m . (1! Plus a focused collision ntribution within a maximum propagation energy of 500eV. ^ ^aydtion
(From Thomson 1968)
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results, the beam was always at right angles to the surface, 
that is always at an angle a(=3) to the [001] direction.
PThe ratio of the intensities of two spots ( 1 / &  ) was 
obtained as a function of 3 for both cases cited. The 
problem was then analysed theoretically using firstly the 
focuson mechanism and then the Lehmann-Sigmund model. The 
authors compared the theoretical results with experiment and 
concluded that their results supported the focuson mechanism.
Evidence against the importance of focused collision 
sequences comes from the experiments of Olson and Smith 
(1967). Olson and Smith found as did others (Musket and 
Smith 1968, Smith and Musket 1969, Hofer 1972) that only 
20% of the total intensity of the ejection pattern was 
contained in the spots. They further observed that the Gaussian 
contribution decreased with increasing ion energy. According 
to them, increased energy should mean greater penetration and 
therefore greater focuson contribution to ejection.
An alternative mechanism to account for the observed 
anisotropy of ejection was suggested by Lehmann and Sigmund 
(1966). They proposed a mechanism which involves only the 
first few layers of the target. Preferential ejection, they 
claim, could be due to primary collisions taking place 
quite close to the surface, especially in the low energy case 
(E < 1 kev) where ion penetration is of the order of one 
lattice constant.
37
The two modes of ejection they propose are 
outlined in Fig. 1.24a and Fig. 1.24b. In the case of 
an atom just below the surface, surrounded by a ring of 
atoms, ejection is easiest in the direction of the axis 
as indicated in Fig. 1.24a [cf. assisted focusing]. 
Sputtering could also occur because of nearest neighbour 
collisions (Fig. 1.24b). Here the surface atom receives 
all of its energy from its neighbour and this enables it 
to overcome the surface binding energy. Spots due to this 
mechanism are commonly attributed to Silsbee focusons.
Lehmann and Sigmund have calculated the spot 
width of the spot due to a <110> direction in copper to 
demonstrate the validity of their model. The angular 
distribution of atoms 2 (Fig. 1.24b) is expressed as
S(<f>2) u-(l+2a) 1 (1 + 2a) <(> j [1 +(-T f ) a ] 2 (1.42)
They then point out that a definite spot is obtained for the
case a = o, which they interpret as representing no focusing.
However, this interpretation is not strictly correct as
a = o represents the case where 01 = 02 and where collisions
propagate along a straight line.
The half-width of the <110> copper spot is
1 Efevaluated by assuming a =  ^ anc  ^-jj-alO anc  ^ as f°unc  ^ to
7°. This is less than the observed half-width but is of the
same order. The authors attribute this discrepancy to thermal
AVacuum
Target
Fng. 1.24 Mechanism of U) mechanism 1 , (5) spot formation Mechanism 2
(From Lehmann & Sigmund 1966)
Vacuum
Target
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vibrations and deviations from ideal surface structure.
Dennis (1972) extended this analysis of Lehmann 
and Sigmund to find that the contribution to sputtering due 
to atoms 1 (Fig. 1.24b) was quite significant. However, 
Lenskjaer et al. (1974) pointed out that Dennis, in his 
analysis, overlooked the fact that the binding energy U' 
of the subsurface atoms would be greater than U, the 
binding energy of the surface atoms. By assuming U1 = 2U, 
Lenskjaer et al. found that the contribution due to 
subsurface atoms was negligible.
Lehmann and Sigmund go on to say that their 
mechanism operates even at high energies and one convincing 
argument is the observation of the <2023> spot in hexagonal 
metals. Here, the atoms are arranged in zig-zag rows so that 
the Silsbee mechanism cannot operate.
In conclusion to the preceding discussion it could 
be said that perhaps both mechanisms contribute to the observed 
spot pattern. An interesting point attributed to Nelson 
and von Jaan (1968) is discussed in the review by MacDonald 
(1970). Focused collision will be regarded as indicated in 
Fig. 1.25 and focusing will be defined as the ratio of two 
successive angles 0^ and 0^ . If this is the case, then the 
Lehmann and Sigmund mechanism can be thought of as a short 
focusing event provided 0^ is not greater than 0^ . Collision 
events defined by 0^ < 0^ are believed to be insignificant.
Fig. 1.25 Definition of a focusing event.
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Another point, worthy of mention in relation to 
the angular distribition of sputtered particles, is the 
observation of fine structure in ejection patterns. Among 
the first to observe fine structures were Nelson (1963) 
and Anderson (1962, 1963) who observed ejection in the 
<114> and <116> directions. Nelson's (1968) explanation 
is that this is the result of the interaction of <110> 
collision sequences travelling just below the surface with 
the surface atoms. Dubinskii and Lebedev (1970a) reported 
obtaining ejection patterns containing details not previously 
recorded. They bombarded gold and gold + 25% at. copper 
with 70 kev Ar+ ions and collected their deposit on a 
hemi -cylindrical collector. They observed that at high 
angles of incidence fine structure appeared in the ejection 
pattern. These were in the form of spots and lines 
corresponding to the following directions and planes <100>, 
<211>, <310>, <111>, < 411> <321>, <210>, <332>, <521>, <611>
and {111}, {100}. In addition they also obtained the 
expected 4 Wehner spots. Similar details were observed when 
Germanium and Indium Antimonide were bombarded by energetic 
argon ions (Dubinskii and Lebedev 1970b). Recently 
Chadderton et al. (1973) proposed that the patterns were a 
result of damage induced in the plastic collector by 
reflected ions and were not due to emission from the atomic 
rows and planes mentioned. Reid and MacDonald (1974) 
investigated this problem by bombarding a gold (100) target
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with Ne+ and He+ ions in the energy range 30 to 90 kev. 
Patterns were obtained for various angles of incidence.
Fine structure appeared when the angle of incidence 
exceeded 30°. Patterns exhibiting fine structure were 
analysed before and after etching in aqua regia. It was 
observed in the etched patterns that the lines due to He+ 
bombardment were narrower than those due to Ne+ bombardment. 
This would be expected if the reflected ions experienced 
blocking. Furthermore, the region outside the blocked lines 
was discoloured after etching, indicating damage to the 
mylar collector. The authors, therefore, concluded that 
fine structure was due to blocking of reflected projectile 
ions thereby supporting Chadderton's suggestion. Dubinskii 
(1974) further reports that the patterns exhibiting fine 
structure are made up of 2 layers of gold. Gold (100) 
was bombarded by energetic argon and the ejected particles 
collected on polyethylene collectors. The collectors were 
etched in aqua regia and a spectrochemical analysis of the 
etched collector conducted. Gold was detected outside the 
blocking lines. Thus apart from a loosely bound layer 
making up the Wehner spots, there is a layer of gold that is 
strongly bound to the collector. Dubinskii suggests that 
this could be due to blocking experienced by energetic 
gold atoms or due to implantation of the gold atoms in the 
collected by the reflected beam particles which have 
experienced blocking. However, this problem does not 
appear to be resolved and needs further research.
41
1.4.3 Variation of spot intensity ratios with angle of
incidence
Cunningham et al. (1963) observed that the inten­
sities of the four Wehner spots in the [110] directions 
making different angles with the ion beam were different.
This observation instigated a detailed study of the project 
by Yurasova and co workers (1965, 1967, Odintsov 1969,
1970, 1973, 1976).
In an early experiment (Yurosova et al. 1965) , a 
copper (100) crystal was bombarded by 22 kev Ne+ ions.
The single crystal was rotated around an axis which was 
perpendicular to the ion beam and was on the target surface.
The sputtered particles were collected on a flat mica plate.
pThe variation of the intensity ratio v P 2 (P^nd P being 
the intensities of two Wehner spots lying on the line 
perpendicular to the axis of crystal rotation) as a function 
of the angle of incidence is shown in Fig. 1.26.
In a subsequent paper, Bukhanov, Odintsov and 
Yurasova (1970) obtained variations of individual spot 
intensities and the intensity ratio with the angle of incidence 
(Fig. 1.27 and Fig. 1.28). The experiment in this case was 
similar to that described above except that the crystal was 
rotated around a <110> direction on the surface. Thus, it 
is observed that the individual spot intensities vary in 
much the same way as the sputtering yield but the intensity 
ratio variation is seen to have additional features. An 
explanation for the general features was put forward
■• * '"noti"  ° f “ *
(From Yurasova, Bukhanov and Kuvakin 1965)
rM  [ m ]  [tiQ [ttt] [100) [11b] [112] [ W ]
Fig. 1.27 Sputtering intensity in the <110> 
and <100> directions on bombardment of the 
Cu {100} face by 22 KeV Ne ions, as a function 
of the angle of ion beam incidence
(a) Centre spot (<100>) intensity vs a
(b) <110> 'backward' spot intensity vs a
(c) <110> ' forward' spot intensity vs a
(From Bukhanov, Odintsov & Yurasova 1970)
oc,deg
Fig. 1.28 Sputtering inensity ratio P 1/P2 as a 
function of the angle of incidence of 
22 KeV Ne ions on the {100} face of a copper 
target.
(From Bukhanov, Odintsov & Yurasova 1970)
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(Odintsov 1969) as follows: When the angle of incidence
coincides with a low index direction, then ions scattered 
by the surface atoms create symmetric cascades of 
displaced atoms with respect to those directions. In the 
case where a = o, the contribution from these cascades 
is the same for each of the four <110> directions and as a
Presult, V  is close to unity. When ions are incident in 
P 2
other low index directions, contribution to the 'forward' 
direction (i.e. towards P ) increases as the cascade on the 
Pj side is directed into the inside of the crystal. This 
explains the minima at angles corresponding to the low 
index directions.
P ,
A careful study of the variation of 1/p2 between 
the angles of 0° and 15° was made recently by Yurasova et al. 
(1976). A copper single crystal was bombarded by 40 kev 
argon ions and the sputtered particles were collected on a 
spherical collector. Fig. 1.29 shows their results. With 
the help of Fig. 1.30, features of Fig. 1.29 can be explained.
PAs can be seen i/ is close to unity for a = o. The curve 
begins to fall at a = 1.75°. When a deviates slightly from 
o, the ions suffer only minor deflections and penetrate 
deeply into the crystal (a in Figure 1.30). Such interactions 
result in momentum propagation along the [110] direction 
parallel to the surface. If the energy transferred in a 
collision with the target atom is below E^, the focusing 
energy, then no sputtering results. When this energy exceeds 
, then defocusing of collisions along [110] takes place
Fig. 1.29 Ratio Pl/p 
of the angle of P2 of spot intensities as a function incidence a.
(Yurasova, Shelyakin, Novick, Bukhanov 1976)
Novick, Bukhanovmi976)COlllSi°nS (Yuras°va, Shelyakin,
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and energy is transferred in the direction of P2. This
Presults in a fall in l/ . Computer calculations applied 
to the present case showed that energy transfer to the 
[110] row begins to exceed at a = 1.8, which is in 
agreement with the experimental results. This fall continues 
until a = 7.5°. At this point (a = a2 in Fig. 1.30) ions 
scattered from the third layer can transfer energy to the 
atoms in the fifth layer. If E > Ed, the displacement 
energy^then displacement in the direction of P becomes
ppossible. V  , therefore, rises. At about an angle of 
P 2
9.3°, contribution to P2 increases as ions get into central
collision with the atoms in the third layer (a in Fig. 1.30).
The tendency here is for ?1/p to move towards unity.
Similarly, other features can be explained.
It was pointed out by Yurasova et al. (1976) that
such experiments can be used to determine focusing and binding
energies. The focusing energy is determined from the point 
P(ax) where l/ falls below unity near zero and the binding 
energy from the main minimum a2 .
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CHAPTER 2
EXPERIMENTAL AND ANALYSIS TECHNIQUES
2.1 Specimen Preparation
The target used was a disc shaped single crystal 
of gold of thickness 1mm and diameter 11mm. The face of 
this crystal was perpendicular to the <001> direction to 
within . Initial polishing was carried out with 10 micron 
alumina, followed by various grades of diamond paste, starting 
with the 6 micron paste and finishing with the finest grade 
available, 1/4 micron. As polishing renders the surface 
layer non-crystalline, the crystal was etched in aqua regia. 
However, etching produced a pitted surface. Therefore, to 
overcome this, the two processes of polishing and etching were 
repeated until the surface was sufficiently smooth and 
crystalline. After this, the target was mounted on the 
target holder and its orientation ascertained. The assembly 
was then placed in the target chamber.
2.2 The Accelerator
Fig. 2.1 is a schematic representation of the 
accelerator and the target chambers. The beam was produced 
by an Ortec model 350 duoplasmatron ion source which offered 
the advantages of high gas efficiency and a large ion beam 
intensity of singly-changed ions.
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Matheson Research Grade argon was bled into the 
ion source through a needle valve. The ion beam thus 
obtained was accelerated using a lOOKv power supply. This 
beam can then be mass analysed and deflected into lines 
1 and 3. However, for sputtering studies, the unanalysed 
beam was employed. The ion source section and the magnetic 
separator were evacuated by oil diffusion pumps fitted 
with water-cooled baffles. The background pressure of the 
ion source section when not in use was of the order of 10~8 
torr and rose to 4 x 10”5torr during operation.
2.3 The Target Chamber and the Target Holder
The target chamber was preceded by a chamber, housing 
the quadrupole lens and the deflecting plates. Roth the 
chambers were evacuated by two Edwards (model 403F) oil 
diffusion pumps backed by a single rotary pump. The 
pressure in the target chamber during operation was about 
3 x 10-6 torr.
The target holder consisted of a 3 axis goniometer 
mounted on a 6 inch flange, from which it was insulated by 
Teflon spacers. The target holder was so constructed that 
the target could be rotated or moved laterally without 
removing the holder from the chamber. This overcame the 
need to evacuate the chamber repeatedly during an experiment.
Fig. 2.2 is a photograph of the target holder assembly. 
The holder for the collector was rigidly attached to the 
crystal mount. The mylar collector was fitted in the holder
‘^ »1
5. ■
1 . ■ äfjß .:fl®a l l  Ä f e J i Smimk ,. mmmm
Fig. 2.2 Target Holder.
46
to form a half cylinder of radius 15mm and length 40mm.
A thick aluminium foil was used to shield the collector 
and to enable measurement of the collector current. The 
target current was measured with a beam current integrator.
2.4 Experimental Method
The ion beam was obtained by striking an arc at 
a filament current of 20A. Once the arc had struck, the 
filament current was switched off. The arc supply was 
about 1.6A at 45V. A voltage of approximately 3KV was 
needed to extract the beam which was then accelerated to 
43KeV. The quadrupole lens in the chamber focused the beam, 
after which, it was deflected into the aperture at the 
entrance to the target chamber by vertical and horizontal 
deflection plates. The beam then entered the aperture in 
the collector. The two apertures (2mm and 1mm in diameter 
respectively) were 10cm apart, giving a beam divergence of 
not more than 2°.
The reproducibility of the beam current was poor, 
therefore, to ensure a constant dosage to the target, the 
output of the beam current integrator was fed into a scalar 
and the dosage thus monitored. The average beam current 
density was 380yA/cm2 and the variation from day to day 
did not exceed 500yA/cm2.
The conditions of reproducibility of results 
outlined in section 1.2 will now be discussed. The pressures 
in the target chamber and the ion source section were well
47
below the required level of 10~3 torr. The condition for 
ensuring that surface layers are not formed, was given as 
J/P^ > 10-8 where j is in yA/cm2 and is in torr. This 
condition was satisfied as j = 380yA/cm2 and P^ = 3 x 10-G 
torr. The angle of incidence of the ion beam was considered 
to be adequately defined as the beam divergence was less 
than 2° and the target rotation angle could be set to within 
± 1/3 of a degree. The final two conditions were that
the energy spread of the beam should be small and the 
formation of multiply charged species should be minimised.
The latter was ensured by the choice of the ion source. 
Consideration of the ion source conditions and the ripple 
on the power supply enabled estimation of the energy spread 
and this was found to be not greater than 0.5%.
The first set of patterns was obtained by rotating 
the crystal about a random axis (which was 23° to the 
<100> axis on the surface). Spot patterns were obtained 
for angles of incidence of 0° to 10° in steps of 2°, and 10° 
to 40° in steps of 5°. A second set of results was obtained 
while rotating the crystal around the <100> axis on the 
surface. In addition to the angles of incidence considered 
for the first set, patterns were also obtained for 43°,
45° and 47°.
Each pattern was stored between two pieces of perspex 
so that analysis could be carried out without damage to the
pattern.
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2.5 Analysis Technique
The spot patterns obtained were analysed to 
yield the following for each pattern : individual spot 
intensities, peak values of spots and density contour 
plots. The analysis was carried out with a Joyce Loebl 
microdensitometer in conjunction with the Autodensidater, 
which enabled the output to be obtained in digital form.
Thus, a 40 x 40 scan, the scan points being 1mm apart, was 
obtained for each pattern. The output from the microdensitometer 
was stored on magnetic tape and subsequent analysis carried out 
on the Univac 1100/42 computer.
The data was analysed in the following manner:
(i) The constant background due to the mylar 
and perspex was subtracted from each data point 
and with the aid of a contour plotting program, 
iso-density contours of the background subtracted 
data were obtained. (The lowest reading along the 
edges was taken to be the background level).
(ii) The correction factor for cylindrical 
geometry of the collector (Schultz and Sizmann 1968) 
was applied to the background-subtracted data.
The correction factor corrects for the fact that 
every point on the collector is not equidistant 
from the centre of the cylinder. Therefore, the 
inclusion of the correction factor in the analysis 
gives an accurate density distribution.
Correction of data was made easy because the pattern
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was scanned parallel to the line of unit 
correction. The scans were at a known distance 
di from this line. The correction factor applicable 
to each row of data, then was
di  ^ ^/2K = [1 + (— ) ] 7 where a is the radius ofa
the cylinder (see Fig. 2.3).
(iii) A contour plot of the background-subtracted 
and corrected data was obtained next. Fig. 2.4,
2.5, 2.6 show a sputtered pattern on mylar, the 
uncorrected density contour plot and the corrected 
contour plot of the same pattern, respectively.
Some idea of distortion due to the cylindrical 
geometry of the collector is obtained from these 
figures.
(iv) Spot intensities were determined by 
assessing the amount of material within a constant 
solid angle in each spot in a pattern. The computer 
program firstly enabled display of the required 
corrected pattern on the screen of the Tektronix 
model 4013. For a particular spot, the peak was 
located manually and the solid angle about the
peak position determined. The latter was achieved 
by positioning the cursor at the required distance 
from the peak position. The program then considered 
the greater of the two angles 0 and 02 to the peak 
position OP (Fig. 2.7) and used that to define a
Fig. 2.3
4 39k p v'L+ ,SPutt!red at°m Pattern obtained for 43 KeV Ar bombardment of Au (001) The
rotation axis is the <100> axis in the surface and the angle of incidence 8°.
Fig. 2.5 Density contour plot of Fig. 2.4
Fig. 2.6 Density Contour plot of Fig. 2.4 after 
correcting for cylindrical geometry of the collector.
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solid angle. A rectangle or square corresponding 
to this solid angle was drawn around the peak 
position. For the other three spots, the peak 
was located manually in each case and the area 
corresponding to the same solid angle was drawn 
by the computer. In the case of spots of type 2 
and 4 (Fig. 2.7) whose centres are close to the 
edge, the area was shifted forward and the peak 
position for this new area was marked by +, whereas 
the original peak position was indicated by X 
(see Fig. 2.8). The actual integration of intensity 
was carried out on the uncorrected data, however, 
the peak values obtained were the corrected values.
2.6 Discussion of the Analysis Techniques
The above analysis technique was time-consumin g 
and was arrived at after a number of initial set backs.
The difficulty arose mainly from an inadequate comprehension 
of what the corrected data actually represented. It was 
finally concluded that the corrected data merely gave an 
accurate density distribution of each pattern and therefore 
the true peak positions, but it could not be used to 
determine spot intensities. This point is illustrated 
by the two dimensional representation of a sphere and a 
flat plate in Fig. 2.9- Assuming isotropic ejection of particles, 
material along CD should be equal to material along A'B'. The 
application of the correction factor would increase this value 
enormously. It can, however, be seen that the corrected 
data gives the expected density distribution.
G,
Fig. 2.7 If 0i>02, then a rectangle is 
drawn around P, such that the line joining
the mid point of each side with 0 makes an 
angle 0X with OP.
*^•.2.8 C°ntour Plot of a spot pattern 
f°r 43 KeV Ar+ bombardment of Au(001). Axis of rotation is <100> and
eona? ° V f idef e °°' Rectangles represent equal solid angles.
C D  A i p i  b 1
Fig. 2.9
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There existed a background even after the removal 
of the constant mylar and perspex background. This could 
perhaps be attributed to resputtering and the cosine 
background. As equal solid angles were considered, there 
would only be a constant error in the intensity ratio 
due to this background and this was estimated not to exceed 
5%. Error in the results due to peak location, evaluated 
by repeating the measurements, did not exceed 2%. Error 
in the scan points contributed a 6% uncertainty in the 
intensity ratio. Thus the total uncertainty in the intensity 
ratio values was estimated to be less than 13%.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 An estimate of uncertainty
The preceding chapter outlined the method of 
obtaining and analysing spot patterns. Two typical schematic 
representations of spot patterns (Fig. 3.1a, b) are given to 
indicate the spot numbering system (Fig. 3.1a - rotation about 
the <100> axis, Fig. 3.1b - rotation about a random axis).
Spots A 2 and A 4 in Fig. 3.1a are always at the same angle to 
the beam direction and therefore the ratio of intensities 
is expected to equal unity, independent of the angle of 
incidence. Fig. 3.2 is a graph of A2/A as a function of the 
angle of incidence 0. It can be seen that this curve could 
be represented by A^/A^ = 1 if an uncertainty of 15% in the 
results is assumed. This could be regarded as an independent 
assessment of uncertainty and the value obtained agrees reasonably 
well with the earlier estimate of 13%. Henceforth, the error 
in the ratios will be taken as ± 15%.
3.2 Variation of intensity ratio A 1/A3 with the angle
of incidence 0 for rotation about a <100> axis
The variation of A l/A3 with 0 is shown in Fig. 3.3.
It can be interpreted as follows: the ratio A 1/A3 is not
significantly different from unity for angles of incidence 
up to about 20° after which the curve rises significantly above 
unity. This indicates that for these angles (that is, for 
0>2O°) the 'backward' spot A l is more intense than spot A 3.
Fig. 3.1a Schematic representation of spot 
patterns obtained on bombardment of Au (001) 
by 43 KeV Ar+ for rotation about a <100> axis 
in the surface.
Fig. 3.1b Schematic representation of spot 
patterns obtained on bombardment of Au (001) 
by 43 KeV Ar+ for a random rotation axis.
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Data points for angles greater than 25° were not available 
because the hole for the ion beam interfered with spot A x.
3.2.1 Discussion of results in terms of the transparency
model
Yurasova et al. (1970, 1976, Odintsov 1969) used a 
simple transparency model to explain their results. Therefore, 
first, their model will be used qualitatively to study the 
results A j/A j vs 0 for a <100> rotation axis obtained for 
43 KeV bombardment of a Au (001) surface.
Fig. 3.4 shows the arrangement of atoms in the plane 
of the rotation of the ion beam, namely the (010) plane. The 
numbers I to V refer to the atomic rows all of which are in 
the plane of the paper. Only those interactions taking place 
in this plane will be considered.
For ion beam incidence corresponding to low index 
directions, symmetric cascades develop about the beam 
direction. For 0 = 0 ° ,  this would mean equal contribution to 
the 'forward' and 'backward' spots. Therefore Aj/A should 
equal unity. As 0 increases, glancing collisions with atom 3 
become possible and the energy transferred to atom 3 increases. 
At a particular 0 ( = 0i ), the energy transferred to atom 3
exceeds the energy limit for assisted focusing E^100 (in this 
case, Ef100 = 140ev. Thomson, 1969 P.218). It could be 
argued that defocusing of collisions along the <010> row 
takes place resulting in energy transfer towards the <011> 
spot. The ratio A i/A3, then, falls below unity at this angle 
of incidence. This fall continues until a minimum is reached
<oo\>
Fig. 3.4 Representation 
atoms in the (010) plane 
the axis of rotation.
of arrangement of 
perpendicular to
Fig. 3.5
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corresponding to 0 = 6^ then, A 1/ A g begins to rise. The 
angle 02 at which the minimum occurs corresponds to the case 
where collision with row IV is possible as indicated by the 
broken line in Fig. 3.4, resulting in displacement towards 
Aj • Theoretically, it should be possible to evaluate the 
assisted focusing energy and the displacement energy from 
0X and 02 respectively.
show these predicted variations, thus 0X and 02 can not be 
ascertained. .This could mean that the processes, if they do 
take place, are of minor importance, and therefore, cannot be 
detected by the analysis technique used.
above model quantitatively. Yurasova et al. do not outline 
a model for calculating 0 lf but do mention that the interatomic 
potential used is the Firsov potential. Fig. 3.5 shows the 
kind of interaction that will be considered. The method for 
calculating 0 will be outlined below: the ion-atom potential
used was of the form
The graph of Aj/A vs 0 (Fig. 3.3) does not appear to
It would be worthwhile at this stage to study the
V (r)
0
where f(r) = — exp (-1)
and a a xO.88534 o
oa was taken to be 0.53 A .o
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For such a potential, the centre-of-mass scattering 
angle is given by
where Ro
'em (1 Ro) '
Z lZ2 e2 a exp(-1) /2
[P + -----------------] and P is the impact
4ttco E
parameter.
Er is the relative energy in the centre-of-mass 
system and is given by
M j+ M 2 Eo.
Zj, Z2 and M x , M 2 are the atomic numbers and masses 
of the ion and the target atom respectively. Eo is the energy 
of the ion before collision.
0cm is converted to the lab scattering angle 4> 
through the relation
sinG
tan cf>- cm
—  + cos 0 M 2 cm
The impact parameter, P , for the second collision 
is obtained from the exit impact parameter P and <J> , the
1 J_j
lab scattering angle of the first collision. The exit impact 
parameter is given by (Begeman, 1972)
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cm
Pi'
! cos ( 2---4>L)
cos cm
where Px is the impact parameter for the first collision.
From P the centre-of-mass scattering angle 02 2 cm
is obtained. The energy transferred to the second atom
is evaluated from 0 for various angles of incidence and
2 cm
thus 0x (the angle of incidence at which E exceeds E^ ) is 
determined.
Fig. 3.4 will be referred to for indicating the
atoms with which collisions takes place.
Two cases were considered. Case I investigated the
entry of the ion to the right of the atom as shown in Fig. 3.5,
whereas Case II studied the ion entering the target to the left
of the atom. Both cases were considered for a number of
o iimpact parameters, ranging from 0.102A, which is of half
othe distance between atoms 1 and 2, and .902A. Table II 
gives 0: for various impact parameters for both cases. E ^
Et  ^ and Et2' refer to the energy transferred to atoms 2, 3 and 
2' in Fig. 3.4.
Case I will be considered first. By taking into
o o
account the larger impact parameters (.402A - .902A) only, one 
can broadly interpret the results to indicate that for 0 
between 6° and 12° approximately, contribution to the 'forward' 
spot A3 is greater. At about 12°, the ion collides head-on 
with atom 3. After this collision, increasing 0 has the effect
TABLE II
Case I
Initial
impact
parameter Pi om  a
0 at which 
ET3 exceeds 
Ef10 0 before 
head-on
collision with 
atom 3
0 at 
which 
head-on 
collision 
with atom 3 
occurs
0 at which 
ET3 falls 
below Ef10 0 
after head-on 
collision with 
atom 3
. 102 ET2 exceed Ef110 at 0 = 10°
with atom 2 1 
at 0 = 17.7577 -
. 202 22° 27.7792 -
. 302 12° 17.0476 22°
.402 7.62° 13.2878 20°
.502 6° 12.0973 18°
.602 6° 12.0361 18°
. 702 6° 12.5456 O00 i—1
. 802 8° 13.3705 20°
. 902 8° 14.3890 20°
TABLE II
Case II
Initial
impact
parameteroin A
0 at which ET2' 
exceeds Ef110
0 at which 
head on collision 
with 2' occurs
.202 2° 11.1802°
. 302 o00 i—i >25°
. 402 20° >25°
. 502 22° >25°
.602 22° >25°
. 702 20° >25°
. 802 o00 r— 1 >25°
.902 16° >25°
Values of 0 in columns 2 and 4 in Case I and column 2 
in Case II are only approximate (accurate to ±1°).
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of transferring energy towards the <010> direction. At 
0 ~ 18°, the energy transferred to atom 3 falls below 10 0 
(taken as 140 eV for Au). One can then say that for 0 = 13° 
to 0 = 18° the 'backward' spot A 1 would be more intense.
For 0 greater than 18°, one would expect A j/A3 to equal unity.
In the second case, it is noted that the second 
collision of the ion is with atom 2'. After collision, this 
atom moves towards the surface atoms. The subsequent 
ejection direction is of a random nature. It was therefore 
necessary to consider a third interaction of the ion. A study 
of this did not reveal any special features. The values of 
varied tremendously with the initial impact parameter, P , from 
0 = 4° to 0 = 16°. One could only conclude that A }/A3 equals 
unity as the results for different impact parameters tended to 
oppose each other.
From the above discussion, it seems likely that the 
only special features one would expect to observe are those 
as a result of Case I, namely, (1) a fall below unity in the 
curve of A /A vs 0 from 0 = 6 to 12° and, (2) a rise above
unity after 0 = 13° dropping to unity at about 0 = 18°.
However, these are not observed in the experimental curve of 
A X/A3 vs 0 (Fig. 3.3) and furthermore, the model does not 
account for the rise above unity in the experimental curve at 
0 of approximately 20°.
At this stage, it must be emphasized that the above 
analysis is considered to be rather simplistic and the detailed 
study was carried out only to test the predictions of
Yurasova et al.
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3.3 Discussion of the results of Yurasova et al. in
terms of their transparency model
An examination of the results of Yurasova et al. in 
terms of their model is warranted at this stage. Two of their 
experimental cases will be studied: 40 KeV Ar+ -* Cu (100)
(Yurasova et al. 1976) and 22 KeV Ne+ -* Cu (100) (Bukhanov, 
Odintsov and Yurasova 1970), for rotation about the <110> 
axis in both cases. They calculated 9 (the angle of incident 
at which exceeds E^110 in their case) as 1.8° and 4° 
respectively. Table III and Table IV give 01 for a range of 
impact parameters for the two cases. It must be emphasized 
that these values of 02 are only approximate, probably to 
within ±1°. A study of these figures makes it difficult to 
understand how Yurasova et al. arrived at the above-mentioned 
precise values of 0 , as they correspond only to unique impact 
parameters. Thus, in the case of Ar+ -*• Cu (100), 0j varies 
from about 20° for small impact parameters to 3°. If one 
considered only the larger impact parameters, 0X still varies 
from about 1.5° to 3°. A similar argument can be put forward 
for the Ne+ -»■ Cu (100) case.
It must be borne in mind that only interactions of 
the Case I type (section 3.2.1) are considered. By taking into 
account all possible types of interactions, one would probably 
find that the effect described above would only be a minor one. 
These considerations also make it difficult to understand how 
their experimental results agree so extremely well with their 
theoretical prediction. In addition, to arrive at this agree­
ment, one would have to assume an uncertainty in their 
experimental results (Fig. 1.29) of better than 5% (error
TABLE III
40 KeV Ar+ -> Cu (100) , rotation axis <110>
initial impact 
parameter in A 0 i (approximate)
. 1278 20°
. 1778 10°
. 2278 6°
. 2778 3.5°
. 3278 2.5°
. 3778 2°
. 4278 1.5°
. 5278 2°
. 6278 3
TABLE IV
22 KeV Ne+ -> Cu (100) , <110> rotation axis
initial impact0 
parameter in A 0i (approximate)
. 1278 25°
.1778 14°
. 2278 9°
. 2778 6°
. 3278 5°
. 3778 4°
. 4278 4°
. 4778 4°
. 5278 4.5°
. 5778 4.5°
. 6278 4.5
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estimates were not given). Experience here (section 2.6 
and 3.1) has shown that this would be difficult to achieve 
with the analysis technique used in their experiments - they 
(Yurasova et al. 1976) reported using the light transparency 
method as has been used in this study. If one assumes an 
uncertainty of 15% in their results, it would then, appear 
that their results are similar to Fig. 3.3, that is, the 
ratio P /P (Fig. 1.29) equals unity up to a certain angle 
of incidence after which the intensity of the backward spot 
increases over the other.
One is, therefore, led to conclude that their 
results do not really justify their model, as they claim. It 
also appears that this technique cannot be used to evaluate 
the focusing energy accurately.
3.4 Variation of intensity ratios A j/A3 and A4/A2
with 6 for a random axis of rotation 
Fig. 3.6 and 3.7 show the variation of A /A and.
A4/A2 with 6, for a random axis of rotation. In the case of 
Aj/A3 vs 6 , data points beyond 30° could not be obtained 
because of interference by the hole for the ion beam. However, 
the two curves are very similar to each other and, surprisinglv 
enough, to Fig. 3.3 (A /A vs 0 for <100> axis of rotation).
It is seen that the ratio of intensities is not significantly 
different from unity up to 0 = 18° and then rises above unity, 
indicating that the intensity of the 'backward' spot exceeds 
that of the 'forward' one. One can also note that the rise 
has a maximum at a 0 of about 22° and falls to unity at about
28°.
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As indicated in Chapter 2, the axis of rotation 
in this case is 23° to the <100> direction and this does not 
correspond to any close-packed direction. The ion beam will 
not see a definite array of atoms for this axis of rotation, 
and hence, it is somewhat surprising that the results are 
similar to those presented in Fig. 3.3. Certainly, the model 
of Yurasova et al. is unable to explain this phenomenon.
3.5 Variation of Peak Intensity with 6
Elich and Roosendahl (1970) bombarded a Cu (100) 
crystal with 20 KeV Ne+ and obtained the peak intensity of 
the 'forward' spot for rotation about a <100> axis in the 
surface. Peak intensities were determined for angles close 
to 45°, the <110> channeling direction. Fig. 3.8 (a) is a 
graph of their results. The curve shows a rise at about 47°, 
reaching a maximum at 51°. Their explanation for this rise is 
illustrated in Fig. 3.8 (b). At angles slightly greater than 
45°, the ions strike the channel wall and this results in 
momentum transfer towards the 'forward' spot.
An attempt was made to confirm their observations. 
Sputtered atom patterns could only be obtained for angles 
of incidence up to 47° as the geometry of the target holder 
made it impossible to go beyond this. Therefore, data points 
beyond 47° were not available. Results obtained are presented 
in Fig. 3.9, (P3 and P2 refer to peak values of spots A 3 and A2).
The curve P3/P2 vs 0 does not show the expected variation near 
0 = 45°. It would be impossible to draw any conclusions from
Fig. 3.8(a) Peak Intensity Ip of 'forward' 
spot normalised to Peak intensity Ir
of other <110> spots as a function of the 
angle of incidence.
(From Elich and Roosendahl 1970)
Fig. 3.8(b) Path of a particle in the (001) 
plane. The particle enters the crystal at 
an angle (J> to the surface normal.
(From Elich and Roosendahl 1970)
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these results as sufficient points beyond 0 = 45° were not 
available. However, in the light of the discussion in 
sections 3.2.1 and 3.3, it seems likely that the kind of 
interactions proposed by Elich and Roosendahl are of minor 
importance, because enhanced ejection in the 'forward' 
direction depends critically on the energy transferred to 
the atoms of the channel wall being less than E^110.
3.6 Blocking Lines
Very faint blocking lines were observed in the 
patterns obtained for angles of incidence greater than 25°. 
Fig. 3.10 is a photograph of a sputtered atom pattern for 
angle of incidence 0 = 30° and faint blocking lines are 
visible. However, it is interesting to note that the density 
contour plot (Fig. 3.11) does not bring out these features.
Fig. 3.10 Sputtered atom pattern showing 
blocking lines obtained for 43 KeV Ar+ 
bombardment of Au (001). The axis of 
rotation is <100> and the angle of 
incidence 30°.
Fig. 3.11 Density contour plot of Fig. 3.10.
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CHAPTER 4
CONCLUSIONS
The spot intensity ratio variation was investigated 
for two different axes of rotation for the bombardment of 
Au (001) by 43 KeV Ar+ ions. The three sets of results,
A /A vs 0 in the case of the <100> rotation axis and A 1/A3 
vs 0 and A 4/A2 vs 0 in the case of the random rotation axis, 
were found to be very similar.
The transparency model of Yurasova, Odintsov et al. 
cannot account for the observed variation in the spot intensity 
ratios. In fact, this model predicts variations in the 
<100> rotation axis case that are not observed in the graph 
of A x/A3 vs 0 (Fig. 3.3). However, it is believed that the 
variations predicted by the above model are of minor importance 
and will probably only be observed in an experiment of greater 
accuracy than reported in this thesis.
Calculations made using the transparency model for 
cases considered by Yurasova and others (1970, 1976) show that 
one cannot obtain a precise value of 0j (the angle at which 
the energy transferred exceeds the focusing energy ) - 0i 
varies according to the initial impact parameter chosen. In 
view of this, the excellent agreement between their calculated 
values of 0 (1.8°, 4°) and their experimental values
(1.75°, 4°) for the 40 KeV Ar+ -* Cu (100) case and the
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22 KeV Ne -* Cu (100) case (respectively) , is difficult to 
understand. It would have been of help had they outlined 
their method of arriving at these precise theoretical 
values of 0 .
A peculiar feature of the three sets of results 
mentioned in the first paragraph is the increase in the 
intensity of the 'backward' spot, i.e., an increase in the
^ 1 ^ 4ratios —  and —  above unity at an angle of incidence ofA 3 a 2
about 20°. It could be argued that this is an experimental
artefact rather than a real phenomenon. This seems unlikely,
however, as the rise of the ratio above unity appears to be
related to the position of the two spots in question. For
example, in the case of the random rotation axis, the rise
A 1 A 4seems to be greater for the —  vs 0 case than for the —
a 3 a 2
vs 0 case.
If \jj l , \p2 , ip 3 and i|;4 denote the angles made by the
<110> directions corresponding to the spots A x, A2, A3 and A4
with the beam direction, then it can be seen that i|j and ip
vary more than ip and \p with the changing ion beam incidence.
4 2
In the case of the <100> axis of rotation, it is difficult 
to comment on the A /A vs 0 case because data points beyond 
0 = 25° were not available. However, it is noted that the 
ratio A2/A4 does not vary significantly with 0 and \p =  ip 4 
for all angles of ion beam incidence. Therefore, the effect 
observed appears to be independent of the rotation axis in 
that the shape of the curve of intensity ratio vs 0 is not 
affected. The magnitude of the rise however, seems to depend
64
on where the spots are positioned in relation to the 
rotation axis. Thus the ratio of spots lying on the line 
parallel to the rotation axis is not affected at all by 
varying 6 whereas the effect increases as the spots move 
away from this line.
In the absence of any other explanation, it could 
be speculated that the observed variation is a dose effect, 
resulting from argon ions being embedded in the gold crystal. 
However, there is no firm basis for this assumption and it 
requires further experimental investigation.
Yurasova et al. claims that a study of the intensity 
ratio variation as a function of the angle of incidence could 
be used to calculate E^110, the focusing energy, and by this 
they imply that focused collision sequences are of importance 
in preferential ejection. It has been shown here that such 
experiments cannot be used to evaluate E^110 and therefore 
the importance of focused collision sequences cannot be 
assessed. However, a comparison of results obtained with 
the two rotation axes would appear to undermine the importance 
of focused collision sequences. If such sequences were of 
great importance, one would have expected the results obtained 
with the <100> rotation axis to be markedly different to those 
obtained with the random axis of rotation. This does not 
appear to be the case.
In conclusion, it could be said that the results 
presented in this thesis appear to suggest that focused 
collision sequences do not play a major role in preferential 
ejection.
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